ABSTRACT
during chloroplast differentiation were examined. Low relative humidity or polyethylene glycol-induced root water stress (stress conditions) resulted in a 3 to 4 hour lag in chlorophyll accumulation, retarded the rate of chlorophyll b accumulation, and reduced the rate of formation of the light-harvesting chlorophyll a/b protein. All of these effects could be overcome by high relative humidity (nonstress) conditions. Concomitant measurement of leaf water potential showed that under stress conditions greening leaves were subjected to initial water deficits of -8 bars which decreased to -5 bars after 3 to 4 hours of illumination corresponding to the end of the lag phase. Leaves greening under nonstress conditions did not experience leaf water deficits greater than about -5 bars. It seems that the attainment of a minimum leaf water potential of -5 bars may be critical in the control of early chloroplast development. These results demonstrate that the lag phase is not indicative of a programmed event in chloroplast development, but rather is attributable to environmental conditions prevailing during leaf development and greening.
The macromolecular differentiation of chloroplasts during greening of etiolated tissue is responsive to specific environmental factors, most particularly to temperature and to water status. Temperature affects such specific aspects of chloroplast development as the rate of prolamellar body formation (22) and the rate of Chl accumulation (27, 33) . Similarly, tissue water status exerts control over the chloroplastic developmental processes; leaves subjected to low level water stress display depressed Chl accumulation rates (8, 16 , 37), reduced incorporation of 'H-uracil into RNA (8) , and impaired ultrastructural differentiation (7, 15) . A number of studies on both ' (1, 36) or by hydroxylapatite chromatography (24) . The Tritontreated lamellae were used for purification of the CPI complex as described elsewhere (35). Distribution and quantity of Chl and protein between the Chl-protein complexes were determined from spectral analysis of the fractionated CPI and CPII components and from polyacrylamide gels scans (1, 24, 36 
RESULTS
Chlorophyll Accumulation. Chlorophyll accumulation during greening of etioplasts is sensitive to water stress. Figure 1 shows that this accumulation is linear in primary leaves of jack bean which were grown and greened under nonstress conditions: whereas, leaves grown and greened under stress conditions show a 3-to 4-hr lag in Chl accumulation. The same greening rate of seedlings subjected to humidity stress could be obtained in hydroponically grown plants greened at high RH when the root systems were subjected to low level (-1.4 to -2.4 bars) stress by the addition of PEG 4000 to the culture solution (Fig. 1 ). The greening rates of hydroponically grown seedlings not subjected to root water stress but greened under high or low RH showed greening rates indistinguishable from those plants grown in well watered vermiculite and greened under similar RH conditions (Fig. 1) .
Water stress during early greening also resulted in alteration of the rate of change of the leaf Chl a/b ratios (Fig. 1) . Seedlings greening under nonstress conditions (i.e., high RH and either in hydroponic culture with no root water stress. or in well-watered vermiculite) showed leaf Chl a/b ratios similar to those described earlier for jack bean (1) (Fig. 1) . Leaf chlorophyll a/b ratios of stressed plants were higher during (Fig. 1 ). This lag is found concomitant with the lag phase of total Chl accumulation and has been observed previously (6, 29) . After about 8 hr of illumination, leaf Chl a/b ratios of stress and nonstress tissues are similar (Fig. 1) .
Leaf Water Potentials. A previous investigation (8) showed that jack bean seedlings greening in low RH possessed leaf water deficits in the range of -5 to -8 bars after 4 hr of greening; however, no data are available describing the changes in leaf water potentials during the course of chloroplast development. Figure 2 shows the leaf water potential patterns for seedlings greened under high and low RH, and subjected to PEG-induced root water stress. Leaf water potentials for (Fig. 2) . Attainment of a minimal leaf water potential approaching -5.0 bars after 4 hr of illumination corresponds to the end of the lag phase in Chl accumulation (Fig. 1) .
The leaf water potential patterns obtained with seedlings greened in low RH could be mimicked in seedlings greened under high RH with low level (-1.4 to -2.0 bars) PEGinduced root water stress. The leaf water potentials increased in a manner similar to that for the low RH seedlings and stabilized between 4 and 14 hr of greening at about -5.0 bars (Fig. 2) . Leaf water deficits increased slightly again after 24 hr of greening in both stressed and nonstressed plants (Fig. 2) .
Oxygen Evolution. Leaf discs were prepared from stressed and nonstressed primary leaves at various times during the first 6 hr of greening. The rate of dark respiration (02 consumption) of stressed leaves was the same as that for nonstressed leaves.
Similarly, the rates of net 02 evolution in the light were indistinguishable in stressed and nonstressed material. 02 evolution was detected in both groups after 2 hr of greening (20) (21) (22) (23) trmoles 02 hr1' mg Chl-'). It is important to realize, however, that this method of detection cannot be used to discern whether or not 02 evolving capacity was retarded in stressed leaves, because the leaf discs most probably equilibrated rapidly with the osmotic potential of the bathing solution (0.5% NaHCO3). In this respect, another study (11) using a polarographic method for the estimation of 02, found that 02 evolution was not inhibited in leaf material subjected to water deficits less than -8 bars.
Appearance of Light-induced Changes in P700. The time course of appearance of light-induced bleaching of P700 in Triton-solubilized lamellae from both stressed and nonstressed leaves indicates that there is no detectable P700 present in the early stages of greening in agreement with earlier reports (1, 2) . Photo-oxidation of P700 was detected after 6 hr of illumination in both cases. Further, the leaf Chl-P700 ratios of the stressed and nonstressed tissues were the same from first detection of P700 throughout the greening period and similar to those reported earlier for jack bean (2 The appearance of CPI was not affected by the lag phase resulting from small water deficits during greening. CPI was first detected on gels after 6 hr of greening in both stressed and nonstressed leaves, and could be isolated by hydroxylapatite chromatography and shown to contain photooxidizable P700. The concomitant appearance of CPI and photochemically active P700 has been reported previously (1, 2).
DISCUSSION
There is general agreement in the literature that atmospheric water stress which results from low RH has distinct consequences on plant growth (30) . Little is known about the specific biochemical events which are sensitive to RH. Bourque and co-workers (7, 8) showed previously that low RH and consequently water stress in the range of -5 to -8 bars has rather dramatic effects on chloroplast development. In the present study, reduction in Chl accumulation resulting in a 3-to 4-hr lag was characteristic of etiolated tissue greening in low RH or subjected to small root water deficits. The effects of these small water stresses were manifested primarily during early chloroplast development and are not detectable in more mature chloroplasts (cf. (Fig. 1) . This lag phase in the lowering of the leaf Chl a/b ratio in early greening (between 2 and 4 hr) is found concomitant with a 3-to 4-hr lag in Chl accumulation as observed elsewhere (6, 29) . These effects on Chl accumulation had pronounced consequences on the production rate of the major light-harvesting Chl a/b protein (CPII) during early greening (Table I) . This complex typically contains equimolar amounts of Chl a and b, accounts for about 50% of the total lamellar Chl, and contains essentially all the Chl b present in the membranes (5, 36) .
Therefore, a much reduced rate of formation of this complex can explain not only the depressed rate of total Chl accumulation but also the lag in Chl b accumulation found in stressed tissue (Fig. 1) . It cannot be ascertained at this time whether the primary effect of the water deficit is on Chl biosynthesis or on assembly of the protein moiety of CPII, or both.
The observation that assembly and appearance of the photosystem I P700-Chl a protein (CPI) were unaltered during greening of stressed tissue may suggest that the machinery necessary for the formation of this complex is less sensitive to water stress than that for CPII. However, during the period of greening preceding the detection of CPI, leaf water potentials were not as low as those preceding formation of CPII (see Fig. 2) ; therefore, the sensitivity of CPI formation to small water deficits cannot be determined here. Other studies have shown that both P700 activity (16) (17, 25, 32) . Studies on greening jack bean leaves reveal that the stomates do not become functional until after about 8 hr of greening, shortly after which the leaves reach CO2 compensation (net CO2 exchange = 0) (R. S. Alberte, S. B. Fox, and A. W. Naylor, in preparation). The rapid increase in resistance of the evaporative surface to water loss and the lack of stomatal water loss during early greening can account for the increased leaf water potentials between 0 and 4 to 6 hr of illumination. The decrease in leaf water potentials observed after 24 hr (Fig. 2) are quite likely attributable to much increased stomatal transpiration.
Another important point with respect to the functioning of guard cells during greening is the correlation between the onset of stomatal opening with the formation of the photosystem I reaction center complex, the P700-containing CPI complex. It is well established that potassium flux provides the driving force for stomatal activity (3, 21) . Furthermore, it is apparent that photosystem I cyclic photophosphorylation is the primary energy source for active potassium transport into guard cells (31) . Therefore, it is reasonable to expect the initiation of stomatal activity to follow the development of the photosystem I reaction center (after 6 hr of greening) in greening leaves. 
